Introduction
Secondary structures of most biopolymers [1] and some foldamers [2, 3] are stabilized by intramolecular hydrogen bonds (H-bonds), whose strength is often comparable to the Hbonding with solvent molecules, and therefore they are affected strongly by polymer-solvent interactions. Amylose tris(n-butylcarbamate) (ATBC, Fig. 1 ), first synthesized for use of chiral stationary phase in gas chromatography [4] , is such a polymer, in that it has tightlywounded rigid-helical structure stabilized by intramolecular H-bonding between its C=O and NH groups in tetrahydrofuran (THF) [5] . In fact, the helix pitch h (or the contour length) per residue estimated on the basis of the wormlike chain [6] is 0.26 nm, a value much smaller than those (0.37 − 0.40 nm) of amylose triesters in the crystalline state [7] , while the Kuhn segment length  -1
(or more generally, the stiffness parameter in the helical wormlike chain [8, 9] ) is as large as 75 nm.
Fig. 1.
Chemical structure of ATBC and possible helical structure [5] in THF.
This rigid ATBC helix, whose possible 3D structure [5] is shown in Fig. 1 , loosens as methanol (MeOH) is successively added to the THF solution, and its h and  -1 finally reach 0.32 nm and 11 nm, respectively, in pure MeOH. These changes in the parameter set with increasing MeOH content accompany not only decreases in dimensional and hydrodynamic properties but also the breaking of intramolecular H-bonds as detected by the splitting amide I band (associated primarily with C=O stretching) in infrared absorption (IR) spectra [5] . The relationship among h,  -1 , and the number fraction f 1698 of intramolecularly H-bonded C=O groups in THF-MeOH mixtures is successfully explained by a two-state model, in which each chain consists of randomly distributed rigid helical and semiflexible (loosely helical)
sequences. and MeOH, indicating that a series of alcohols may be used as solvents to check the applicability of the two-state model to ATBC, as was done with THF-MeOH mixtures. We note that those alcohols allow observation of the amide I band and hence the estimation of f 1698 .
Fig. 2. Intrinsic viscosities [] for ATBC1700K in indicated solvents at temperatures (°C)
shown in the parentheses.
The present study was undertaken to deepening our understanding of solvent effects on the conformation of ATBC by determining h,  -1
, and f 1698 in 1-propanol (1PrOH) at 40 (or 35) °C, 2-propanol (2PrOH) at 35 °C, 2-ethoxyethanol (2EE) at 25 °C, and 2-butanol (2BuOH) at 45 °C from light and small-angle X-ray scattering, viscosity, IR, and optical rotation measurements. If intramolecular H-bonding plays an essential role in the ATBC conformation, the helix may be tightened and stiffened with increasing [] in harmony with the two-state model mentioned above. In contrast to such a decrease in h, however, it is also likely that the helix extends in a more bulky alcohol, thereby increasing [] (see Fig. 2 ). This conjecture is based on our previous finding [10, 11] that in ester and ketone solvents, the helix of amylose tris(phenylcarbamate) (ATPC) measurably extends and becomes stiffer as the molar volume of the solvent increases. In the work reported below, we present scattering, viscosity, and spectroscopic data for ATBC samples and their analyses based on the wormlike chain and the two-state model.
Experimental

Samples and Solvents
Ten fully substituted ATBC samples [5] (ATBC1700K, ATBC900K, ATBC700K, ATBC460K, ATBC250K, ATBC130K, ATBC110K, ATBC55K, ATBC53K, and ATBC17K) were used for this study. These samples had been prepared from enzymatically synthesized amylose [12] having narrow molecular-weight distribution and no branching.
Their weight-average molecular weights M w ranged from 1.7  10 4 to 1.7  10 6 and their polydispersity indices were about 1.1 [5] . 2PrOH, 1PrOH, 2EE, and 2BuOH were purified by fractional distillation over granular calcium hydride.
Static Light Scattering (SLS)
SLS measurements were made for ATBC900K, ATBC700K, and ATBC250K in 1PrOH
and 2PrOH, and for ATBC1700K in 2PrOH on a Fica-50 light scattering photometer with vertically polarized incident light of 436 or 546 nm wavelength ( 0 ). The experimental details including the calibration of the photometer were described previously [10] . The specific refractive index increments n/c at  0 = 436, 546, and 633 nm were determined for The linear [13] and square-root [14] plots were used to extrapolate Kc/R  to c = 0 and  = 0, respectively; here, K is the optical constant, R  the reduced scattering intensity, c the polymer mass concentration, and  the scattering angle. The second virial coefficients A 2 obtained for ATBC700K, ATBC900K, and ATBC1700K in 2PrOH are plotted against temperature T in Fig. 3a . They vanish at 35 °C, indicating that 2PrOH at 35 °C is a theta solvent for ATBC.
Although this polymer in 1PrOH also attained the theta state at 35 °C as shown in Fig. 3b , we found the presence of a small amount of aggregates in its solutions at the theta point, and thus studied this polymer + solvent system at a little higher T of 40 °C, too. 
Small-Angle X-Ray Scattering (SAXS)
SAXS measurements were made for ATBC55K and ATBC17K in 2PrOH at 35 °C, 1PrOH
at 35 °C, and 2EE at 25 °C and for ATBC53K in 2BuOH at 45 °C with an imaging plate detector at the BL40B2 Beamline in SPring-8. The camera length and  0 were chosen to be 1500 mm and 0.1 nm, respectively. To determine the z-average mean-square radius of gyration <S 2 > z and the particle scattering function P(k) (k denotes the magnitude of the scattering vector), four solutions of different concentrations and the solvent were measured, and the resultant intensity data were analyzed by use of the square-root plot [14] (See Ref.
[10] for more experimental details). .
Viscometry
Results and Discussion
Molecular Weight and Dimensional Properties
The angular dependence of P(k)
evaluated from SLS and SAXS intensities is illustrated in Fig. 4 . . Another point to note is that the values of M w in the propanols are in good agreement with those in THF and MeOH [5] (not presented here). 
32 C,
35 C,
40 C. Table 3 . On the other hand, in 2EE and 2BuOH, the data points are closely fitted by the dashed curves for the straight cylinders, indicating that the  
If the effect of chain diameter d is considered, a term d ) determined by the curve-fitting procedure agree with those from P(k) ( Table 3 ). Table 3 .
Intrinsic viscosity
The molecular-weight dependence of [] illustrated in Fig. 7 was analyzed by using the Yamakawa-Fujii-Yoshizaki theory [8, 19, 20] for unperturbed wormlike cylinders. Although SAXS intensity data suggested that 2EE at 25 °C and 2BuOH at 45 °C are good (or marginal) and poor solvents, respectively, for ATBC, excluded-volume effects in the two solvents were ignored in the M w range investigated; this may be rationalized by the fact that the chain stiffness is much higher in these solvents than in MeOH, a good solvent (see Table 4 ) in which the effects were negligibly small [5] . The solid curves in Fig. 7 show that the theoretical values calculated with the parameters in Table 3 fairly well fit the experimental data; we assumed M L to equal the value from P(k). The estimated d values (~ 3 nm) are close to those reported previously for ATBC in THF-MeOH mixtures [5] . Table 3 .
Table 4
Values of the helix pitch per residue h and the Kuhn segment length  much larger than those from P(k) as was the case with ATBC in THF and MeOH [5] and ATPC in various solvents [10, 11] . This is because the former is the hydrodynamic thickness which is affected by H-bonding solvent molecules while the latter reflects the electron density profile (including solvent molecules) around the chain contour of ATBC in solution [8] .
The mean of  -1
and that of h calculated from M 0 /M L (the molar mass per residue M 0 = 459.5) are presented in Table 4 , along with those in THF and MeOH. Importantly, h tends to decrease as  -1 increases. Fig. 8 shows IR spectra around the amide I band (1650 -1800 cm -1 ) for ATBC460K in the four alcohols, 2PrOH, 1PrOH, 2EE, and 2BuOH, and our previous data [5] in THF and
Intramolecular H-bonding and Optical Rotation
MeOH. The features of the solvent-dependent peaks resemble those previously observed for ATBC in THF-MeOH mixtures, and as was done for the mixed solvent system, the peaks were each separated into three; we ignored the difference in measured T among the solvents because IR spectra were insensitive to T in the range concerned. The two peaks at 1698 cm -1
(intramolecular H-bonding between C=O and NH groups) and 1718 cm -1
(intermolecular Hbonding between a C=O group of the polymer and the solvent) were found at the same positions as those in THF and MeOH, respectively, while the peak wavenumber for the "free"
C=O group varying between 1724 and 1730 cm -1 in the four alcohols is slightly smaller than that in THF (1737 cm 
Analysis in Terms of a Two-State Model
In our previous study [5] , the relationship among h,  
The panel d of Fig. 9 shows this to be well born out, indicating that the increases in flexibility and helix pitch are closely correlated to each other through the breaking of intramolecular Hbonds. On the other hand, virtually no such correlation between h and  -1 can be observed for ATPC whose data in various solvents are shown by crosses in this panel. Thus, the twostate model is inapplicable to this amylose derivative in various solvents. This contrast may be explained by the finding [11] that both helix extension and stiffening of ATPC are affected primarily by the bulkiness of solvent molecules (ketones or esters).
Concluding Remarks
The number fraction f 1698 , and f 1698 is successfully explained by a two-state model consisting of random sequences of rigid and loose helices, as is the case in THF-MeOH mixtures [5] . The increase in helix pitch stems primarily from the breaking of intramolecular H-bonds between the C=O and NH groups of ATBC, differing from the ATPC case in which the helix extension may be considered as due to the wedging of solvent molecules (ketones and esters) into the domain sandwiched between the neighboring phenylcarbamate groups [11] . In other words, the difference in the bulkiness between butyl and phenyl groups plays an important role in polymer-solvent interactions. This difference may have something to do with the experimental fact that amylose alkyl (methyl and isopropyl) carbamates are not useful as a chiral stationary phase in contrast to amylose phenyl carbamates [22, 23] .
Although the theta state is seldom found for stiff polymers [24] , 2PrOH and 1PrOH at 35 °C are theta solvents for ATBC as is the case with ethyl acetate and methyl acetate for ATPC. The presence of theta solvents may also be a feature of amylose carbamates whose crystal structure has not as yet been reported probably because of difficulty in crystallization.
